The effect of the substitution of the active site histidine 48 by the unnatural l,2,4-triazole-3-alanine (TAA) amino acid analogue in porcine pancreas phospholipase A 2 (PLA 2 ) was studied. TAA was introduced biosynthetically using a his-auxotrophic Escherichia coli strain. To study solely the effect of the substitution of the active site histidine, two nonessential histidines (i.e. Hisl7 and His 115) were replaced by asparagines, resulting in a fully active mutant enzyme (His-PLA^). In this His-PLA 2 the single histidine at position 48 was substituted by TAA with an incorporation efficiency of about 90%, giving a mixture of His-PLA 2 and TAA-PLA 2 . Based on the charge difference at acidic pH, both forms could be separated by FPLC, allowing for the purification of TAA-PLA 2 free from His-PLA 2 . At pH 6, TAA-PLA 2 has a fivefold reduced activity compared with His-PLA 2 . This reduced activity paraJells a reduced rate of covalent modification with p-nitrophenacyl bromide of TAA-PLA 2 compared with His-PLA 2 . Competitive inhibition gave comparable IC50 values for WT-PLA 2 , His-PLA 2 and TAA-PLA 2 . These results indicate that the reduction in activity is not caused by a different affinity for the substrate, but more likely results from a reduced k^i value in TAA-PLA 2 . The enzymatic activities for native and mutant PLA^ were measured at different pH values. For WT-PLA 2 and His-PLA 2 the activity is optimal at pH 6 and is strongly deminished at acidic pH, with no observable activity at pH 3. In contrast, TAA-PLA 2 is as active at pH 3 as at pH 6. Most likely, the decrease in activity observed for WT-PLA 2 and His-PLA 2 is caused by the protonation of the active site His48, which is the general base involved in the activation of the nucleophilic water molecule. In TAA-PLA 2 , however, the active site residue TAA48 is unprotonated at both pH 3 and 6 as a result of the low pK a of TAA compared with histidine.
Introduction
The lipolytic enzyme phospholipase A 2 (PLA2) (EC 3.1.1.4) cleaves the 2-acyl ester bond of phosphoglycerides in a stereospecific and a calcium-dependent way. A mechanism of catalysis for PLA 2 has been proposed by Verheij et al. (1980) , in which His48 and Asp99 have a function similar to the active site histidine and aspartic acid residues in the well known serine proteases. However, in PLA 2 a water molecule © Oxford University Press acts as the attacking nucleophile, instead of the serine hydroxyl of the serine proteases. When this water molecule attacks the substrate carbonyl carbon atom, the histidine residue acts as a general base in the activation of this water molecule. The neighbouring residue Asp49 is involved in the binding of the essential cofactor Ca 2+ . The results of structural analyses of bovine pancreatic PLA 2 (Dijkstra et al, 1981) suggest that the 8|-nitrogen of His48 is critical for catalysis by PLA 2 and that the e 2 -nitrogen of the same residue plays an important role, being responsible for the H-bond between Asp99 and His48. This suggestion was supported by chemical modification of the 8)-nitrogen by methylation (Verheij et al, 1980) and by site-directed mutagenesis experiments of bovine pancreatic PLA 2 (Liefa/., 1993) .
Site-directed mutagenesis is a valuable tool to study structure-function relationships in proteins, but this method can only be used to incorporate natural amino acids. For the introduction of an unnatural amino acid several options are available. One possibility is the in vitro translation system where the unnatural amino acids are coupled to tRNAs (Ellman et al, 1992; Mendel et al, 1992; Kevin Judice et al., 1993; Cornish et al, 1994) . However, a drawback of this approach is the small amount of protein produced by this complicated and expensive method. Another option, the total chemical synthesis of proteins, is largely restricted to small peptides. To overcome this limitation, synthetic peptide fragments can be coupled chemically or enzymatically. In this way RNase A has been produced semi-synthetically by enzymatic ligation (Jackson et al, 1994) . Several PLA 2 variants have been prepared by chemical coupling of synthetic peptides to N-terminally truncated PLA 2 s (van Scharrenburg et al, 1981) and a cytokine has been obtained by native chemical ligation (Dawson et al, 1994) . Insulin analogues with natural and unnatural amino acid replacements have also been prepared by semi-synthesis (Nakagawa and Tager, 1991) . Another possibility to incorporate unnatural amino acids in proteins is the use of auxotrophic bacterial strains. Although this in vivo protein synthesis system is limited by the toxicity of the unnatural amino acid to the host cells, it has been successfully applied to incorporate m-fluorotyrosine into {J-galactosidase (Ring et al, 1985) and 7-azatryptophan into phage lambda lysozyme (Soumillion et al, 1995) . Also, several phenylalanine analogues have been introduced into human epidermal growth factor (Koide et al, 1994) and similarly methionine analogues into recombinant annexin V (Budisa et al., 1995) .
To probe the role of the active site histidine in PLA 2 , we wished to replace histidine by the unnatural amino acid l,2,4-triazole-3-alanine (TAA). This unnatural amino acid was chosen since there is no natural isosteric amino acid available which preserves all functionalities of the active site histidine. The triazole ring is a weak base with a pK t approximately 4 units lower than that of imidazole and incorporation of TAA into the active site of PLA 2 might broaden the pH profile of the enzyme to more acidic pH values. In this study, a his-auxotrophic Escherichia coli strain was used to incorporate TAA into porcine pancreatic PLA2. Initial experiments showed that it was possible to replace the three histidine residues in PLA 2 to the extent of -85% by TAA. The resulting complex mixture of different PLA 2 species is probably very difficult to separate and to purify. Therefore, the two non-essential histidine residues were replaced by asparagines. This mutant (His-PLA 2 ), contains a single histidine, i.e. the active site residue. When TAA was incorporated biosynthetically into this mutant, a mixture of His-PLA 2 and TAA-PLA 2 was obtained. These two species were separated and the effect of the introduction of TAA in the active site was studied.
Materials and methods

Materials
Hen egg white lysozyme and isopropyl-thio-P-D-galactopyranoside (TPTG) were obtained from Boehringer. 5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB) was obtained from BDH (Poole, UK). 4,4'-Dipyridyl disulphide (4-PDS), taurodeoxycholate (tDOC) and DL-l,2,4-triazole-3-alanine (TAA) were obtained from Sigma. p-Nitrophenacyl bromide was obtained from Janssen Chimica. SP-Sephadex C25 was obtained from Pharmacia and CM Cellulose (CM-52) from Whatman.
Phospholipids l,2-Diacyl-jn-glycero-3-phosphochoUnes (diC8PC, diC12PC) and l,2-dioctanoyl-sn-glycero-3-phosphoglycol (diC8PG) were synthesized as described by de Haas et al. (1990) . rac-1,2-Diheptanoylditbiopropy 1-3-phosphocholine (diC7dithioPC) was prepared as described by Volwerk et al. (1979) . The inhibitor (/?)-1 -thio-co-carboxy undecy lmethy 1 ester-2-decanoylamino-l,2-dideoxyglycero-3-phosphocholine was synthesized according to standard procedures (de Haas et al, 1990) .
Phospholipase assays
Activities were routinely measured on a suspension of egg yolk with deoxycholate (Nieuwenhuizen et al., 1974) . PLA 2 activity measurements on synthetic substrates were carried out with a titrimetric assay at pH 8 in the presence of 5 mM Tris, 20 mM CaCl 2 , 150 mM NaCl at 25°C. The substrates used were diC8PC (2.0 mM), diC8PG (2.0 mM) or diC12PC (2.7 mM in 2.7 mM tDOC). Activities on diC7dithioPC were measured spectrophotometrically. The assay mixture (1 ml) contained 2 mM diC7dithioPC; 2 mM tDOC, 10 mM NaCl, 20 mM CaCl 2 , 20 mM of the appropriate buffer and either 0.5 mM DTNB for measurements at pH 8 (Aarsman et al, 1976) or 0.1 mM 4-PDS for measurements below pH 8 (Volwerk et al, 1979) . The following buffers were used: pH 3-4, 20 mM sodium formate; .pH 5, 20 mM sodium acetate; pH 6-7, 20 mM HEPES; pH 8, 20 mM Tris. Stock solutions of DTNB (50 mM) or 4-PDS (10 mM) were prepared in ethanol. The absorbance was monitored at 412 nm for DTNB or at 324 nm for 4-PDS. Specific activities are given in |imol/ min.mg (U/mg).
Construction of mutant phospholipase A 2
Escherichia coli K12 strain PC2494 [A(lac-pro), sup E, thi/F' tra D36, pro A + B + , lac \\ LacZAM15; Phabagen Collection, Utrecht, The Netherlands] was used for plasmid constructions and as a host for M13-derived vectors. HB2154 [ara, A(lacpro), thi/F', pro A + B + , lac l\ lacZAM15, mutL::Tnl0 (Carter etal, 1985) ] was used as the recipient strain in the mutagenesis experiments (Kramer et al, 1984) .
Restriction and modifying enzymes were obtained from Pharmacia and were used according to the manufacturer's instructions. The substitutions H17N and H115N were introduced in the native PLA 2 gene according to the gapped-duplex method, using amber selection in the vector Ml3mp 18 (Kramer et al, 1984) . The mutagenic oligonucleotides 5' CAT-CAAGGGGTTACTCCCGGGG 3' (H17N) and 5' GTTC-TTGTTCTCCTTGTTG 3' (H115N) (Pharmacia) were used for the introduction of the mutations. The sites of the mutations in the sequences of the oligonucleotides are underlined. With the mutagenic oligonucleotide H17N a silent mutation was co-introduced in order to obtain a diagnostic Smal site. The resulting mutant proPLA 2 gene was sequenced by the dideoxy chain termination method after purification of single stranded M13-DNA (Sanger et al, 1977) . A BamHl-Kpnl fragment of the H17N mutant proPLA 2 gene and a SfuI-Z/mdlll fragment of the HI 15N mutant proPLA 2 gene were both subcloned into the pAB3 expression vector described by Beiboer et al. (1995) , resulting in a plasmid (pSBl) encoding the mutant His-PLA 2 with an N-terminal extension of 98 amino acids. The expression of the fusion protein is under control of the IPTG-inducable tac promoter.
Expression and purification of the His-PLA 2 mutant
The E.coli B strain BL21(DE3) described by Studier and Moffatt (1986) was transformed with the expression vector pSBl containing the mutant His-PLA 2 gene. For the largescale production of His-PLA 2 , an 800 ml overnight culture in Luria-Bertani medium (Sambrook et al, 1989) containing ampicillin (100 mg/1) was used to inoculate 10 1 of medium in a fermenter (New Brunswick). The medium contained 10 g of tryptone, 5 g of yeast extract, 6 g of Na 2 HPO 4 , 3 g of KH 2 PO 4 , 0.5 g of NaCl, 1 g of NH4CI, 0.24 g of MgSO 4 , 11 mg of CaCl 2 , 2 g of glucose and 50 mg of ampicillin per litre and the pH was 7. Cells were grown under aeration and agitation at 37°C. Expression was induced by adding IPTG to a final concentration of 0.4 mM in the mid-logarithmic growth phase (OD^ = 1-8). The cells were harvested at the end of the logarithmic growth phase (OD^ = 7). Inclusion bodies were obtained by suspending cells from a 10 1 of culture in 300 ml of ice-cold TE buffer (50 mM Tris-HCl, 40 mM EDTA at pH 8.0) to which were added 75 g of sucrose. This suspension was homogenized, 60 mg of lysozyme were added and the suspension was allowed to stand on ice for 30 min with occasional homogenization.
Next, 300 ml of TE buffer were added and the suspension was incubated for 30 min on ice with occasional homogenization. The cells were sonicated in 100 ml portions at 0°C for three times 90 s, with intervals to prevent heating of the sample. Triton X-100 was added to a final concentration of 0.1%, the suspension was sonicated for three times 1 min and then centrifuged for 30 min at 4000 r.p.m. The pellet of inclusion bodies was suspended in 400 nil of TE buffer, the suspension was sonicated for 1 min, followed by centrifugation for 20 min at 4000 r.p.m. The pellet was dissolved in 150 ml of 7 M guanidine-0.3 M Na 2 SO 3 , pH 8.3. The dissolved fusion protein was sulphonated (Thannhauser and Scheraga, 1985) and subsequently precipitated by adding 20 ml of glacial acetic acid followed by 700 ml of water. The sulphonated protein was collected by centrifugation for 30 min at 4000 r.p.m. and was washed twice with water. Next, the fusion protein was dissolved in 8 M urea and renaturation was induced by diluting this protein solution to 2 M urea at 0.1 mg/ml in 25 mM sodium borate, 5 mM EDTA, 8 mM cysteine and 1 mM cystine, at pH 8.7. This solution was allowed to stand overnight in the dark at 4°C. After renaturation, CaCl2 was added to a final concentration of 10 mM and the pH was adjusted to 8.3. Acetylated trypsin was added to a concentration of 5% (w/w) with respect to the amount of fusion protein, as estimated from SDS-PAGE. The appearance of enzymatic activity was followed in time by analysing aliquots in the egg-yolk assay. When no further increase in activity was observed, the pH was adjusted to 4.5 with glacial acetic acid and precipitated material was removed by centrifugation. For purification of the His-PLA 2 , two ion-exchange steps were performed. First, the protein was loaded on to a 200 ml SP-Sephadex C25 column at pH 4 in 5 mM sodium formate. After extensively washing with four column volumes of 5 mM sodium acetate buffer (pH 4.8) the protein was eluted with a salt gradient of 0-0.8 M NaCl (2X1-5 1) in this buffer. The fractions containing activity were pooled. Second, after dialysis against 5 mM acetic acid, the protein was loaded on to a 40 ml CM-cellulose (CM-52) column at pH 6.0 in 10 mM sodium acetate and the protein was eluted by applying a salt gradient of 0-0.4 M NaCl (2X0.4 1). The final purity was checked on FPLC [10 mM Tris-HCl (pH 8), 0-0.25 M NaCl; mono Q HR5/5 column, Pharmacia].
Expression of the TAA-PLA 2 mutant
For the preparation of the TAA-PLA 2 mutant, the hisauxotrophic E.coli strain PC1O38 [thyA, his, galT, phx, endA; Phabagen Collection] was transformed with the expression vector pSB 1 containing the His-PLA 2 gene. Cells were grown in a minimal medium containing of 10 mg of (NH 4 )2Fe(SO 4 )3, 50 mg of MgSO 4 -7H 2 O, 4.4 g of KH 2 PO 4 , 7.8 g of K 2 HPO 4 -3H 2 O, 1.0 g of NHtCl, 6 g of glucose, 100 mg of ampicillin, 10 mg of thiamine, 20 mg of thymine and 20 mg of histidine per litre, pH 7. Overnight cultures (total volume 300 ml) in minimal medium were used to inoculate 4 1 of minimal medium (divided over six flasks of 2 1). The cells were allowed to grow until an OD^ value of 0.5 was reached. The cells were centrifuged, pooled and were washed twice with 0.5 1 of physiological salt buffer (0.8% NaCl). After washing, the cells were suspended in 800 ml of minimal medium lacking histidine. The cells were shaken for 20 min at 37°C, after which TAA (20 mg) and IPTG (final concentration 0.4 mM) were added. After 4 h of incubation the cells were harvested by centrifugation (OD^ = 2). The expression of TAA-PLA 2 was performed five times and the cells obtained from these five cultures were pooled. From SDS-PAGE it was estimated that the yield of fusion protein, produced per 4 1 of TAA-containing minimal medium, was about 80 mg.
Purification of the TAA-PLA 2 mutant Cells were lysed and the mutant protein was obtained by tryptic cleavage of the fusion protein essentially as described for the isolation of His-PLA 2 from a 10 1 culture, with some minor modifications given below. Fusion protein from 4 1 of pooled minimal medium culture was isolated by scaling down all volumes by a factor two compared with the isolation of His-PLA 2 . During tryptic activation, the (low) enzymatic activities were measured in a sensitive titrimetric assay using diC8PG as a substrate. When the activity reached a maximum value, the protein solution was acidified and dialysed against 5 mM acetic acid. After centrifugation the supernatant was loaded on to a 25 ml SP-Sephadex column at pH 4 in 5 mM sodium formate. The protein was eluted batchwise at pH 6 in 10 mM sodium acetate with 0.4 M NaCl. The eluted protein was dialysed and loaded on to an 8 ml SP-Sephadex column at pH 4 in 5 mM sodium formate. The column was washed extensively with 5 mM sodium acetate buffer (pH 4.8) and PLA 2 was eluted as a single peak with a salt gradient of 0-0.4 M NaCl. The TAA-PLA 2 was separated from traces of the His-PLA 2 by FPLC (mono S HR 5/5 column, Pharmacia) at pH 5 in 20 mM sodium acetate with a 0-0.4 M NaCl gradient and the final purity of the TAA-PLA 2 protein was checked by FPLC (mono S HR 5/5 column) at pH 5 in 20 mM sodium acetate with a 0-0.4 M NaCl gradient. The purity of the TAA-PLA 2 was also determined by SDS-PAGE; the protein was visualized by Coomassie Brilliant Blue staining.
Amino acid analysis
The level of incorporation of the TAA in the TAA-PLA 2 mutant was determined by amino acid analysis. Protein samples (300 u.g) were hydrolysed in vacuo, at 110°C in 6 M HC1 for 24 h. The residues were dried overnight in vacuo over solid KOH and subsequently dissolved in 0.2 M lithium citrate (pH 2.2). The content of each individual amino acid was determined on an LKB 4151 Alpha Plus Amino Acid Analyser (Li-system; Pharmacia-LKB, Uppsala, Sweden) with ninhydrin detection. The absorbance was measured at 440 and 570 nm and the values at these two wavelengths were summed to yield the elution profile.
Isoelectric focusing
Samples of WT-PLA 2 and the mutants His-PLA 2 and TAA-PLA 2 were analysed by isoelectric focusing on an 8.5% acrylamide-0.2% bisacrylamide gel containing 5% glycerol and 5.5% ampholines pH 5-8 (Pharmacia). The gel was run with a Multiphor II (Pharmacia-LKB) and stained with Coomassie Brilliant Blue. For calibration a high-p/ calibration kit was used in the pH range 5-10.5 (Pharmacia): pMactoglobulin A (p/ 5.20), bovine carbonic anhydrase B (p/ 5.85), human carbonic anhydrase B (pi 6.55), myoglobin-acidic band (p/ 6.85), myoglobin-basic band (p/ 7.35), lentil lectin-acidic band (p/ 8.15), lentil lectin-middle band (pi 8.45) and lentil lectin-basic band (pi 8.65). After the run, the gel was cut into 12 pieces from cathode to anode. These pieces were incubated overnight in 0.8 ml of distilled water. After 16 h the pH of the solutions was measured, which allowed the estimation of the p/ for each protein band.
Inhibition of phospholipase A 2 by p-nitrophenacyl bromide
The rate of modification of PLA 2 by p-nitrophenacyl bromide was determined at 45°C in the presence of 0.1 M NaCl, 10 mM n-hexadecylphosphocholine and buffer (a mixture of 33 mM cacodylate, 33 mM acetate and 33 mM formate, adjusted to the desired pH value). The protein concentration was 20 H-g/ml (1.4 (iM) and the reaction was started by adding a solution of p-nitrophenacyl bromide (700 mM in acetone) to reach a concentration of 7 mM. Under the experimental conditions, the solubility of the inhibitor is about 1.5 mM. The rate of modification was determined by taking samples at intervals and analysing them for residual activity. Half-time values for the inactivation were determined from the slopes of semi-logarithmic plots of residual activity versus time. From the half-time values of the inhibition reaction at various pH values, the pseudo-first-order rate constant k for the inactivation of PLA 2 by p-nitrophenacyl bromide was calculated according to the procedure described by Volwerk et al. (1974) .
Inhibition of phospholipase A 2 activity by a substrate analogue
The inhibitory capacity of the inhibitor (i?)-l-thio-a>-carboxyundecylmethyl ester-2-decanoylamino-1,2-dideoxyglycero-3phosphocholine was determined in a spectrophotometric assay at pH 6 with 5 mM diC7dithioPC in 5 mM tDOC as substrate. The inhibitory capacity is defined as the concentration of inhibitor (IC50) which reduces the enzyme activity to 50%. For the theory of inhibition at interfaces, the reader is referred to a paper by Ransac et al. (1990) .
Results
TAA incorporation into native PLA 2 using a his-auxotrophic E.coli strain Several problems can be envisioned when an auxotrophic strain is used to incorporate an unnatural amino acid. First, the bacteria grow less well in a minimal medium than in rich media. Second, the auxotrophic strain may be less suited as an expression host, and third, the unnatural amino acid may be toxic to the cells. Of several his-auxotrophic strains that were tested, the E.coli strain PC1038 appeared to have the best properties for expression (data not shown), but this strain is a far less robust grower than the E.coli strains DH5a or BL21(DE3) that express high amounts of fusion protein from the plasmid pAB3 in rich media. Initial experiments showed that TAA is toxic to E.coli cells and that TAA cannot support growth of strain PC 1038 in minimal medium lacking histidine. Therefore, cells were first grown in minimal medium until the mid-logarithmic phase was reached. After centrifugation, the cells were washed and resuspended in minimal medium containing TAA, after which expression was induced. In this way, all three histidine residues could be replaced by TAA in native PLA 2 (WT-PLA2). yielding about 1 mg of fusion protein from a 0.5 1 (containing ~0.8 g of wet cells) minimal medium culture with TAA. After trypsinolysis the yield of PLA2 was estimated to be 0.75 mg. In the subsequent ion-exchange chromatography, protein was eluted from a CM-cellulose column at pH 4.8. From SDS-PAGE a yield of 0.45 mg of PLA 2 was estimated with a purity of over 90%. The PLA 2 obtained was subjected to amino acid analysis. Its amino acid composition was indistinguishable from WT-PLA 2 , except for a reduced content of histidine and the appearance of a new peak eluting at the same position as authentic TAA (data not shown). Therefore, it can be concluded that the histidine analogue TAA was incorporated into porcine pancreatic PLA 2 by the E.coli strain PC 1038. It could be calculated that there was about 0.45 mol of histidine and about 2.55 mol of TAA present in the TAA-containing.PLA 2 .
From the results described above, it is clear that the TAA residue can be incorporated into the PLA 2 with an efficiency of ~85%. Since there are three histidine residues present in PLA 2 , a random incorporation of TAA is likely to yield a complex mixture of eight different PLA 2 species, making their purification difficult, if not impossible. To solve this problem, a His-PLA 2 mutant was constructed in which the non-essential histidines (HI7 and HI 15) were replaced by asparagines.
Isolation and characterization of His-PLA 2
The His-PLA2 mutant was expressed in rich medium, yielding an estimated 13 mg of fusion protein per gram of wet cells. The His-PLA2 mutant protein was purified in 80% yield and eluted as a single peak on FPLC (data not shown). The enzymatic activities of this mutant were compared with those of the native enzyme (WT-PLA 2 ) in three different assays at pH 8. The His-PLA 2 showed 88% of the WT-PLA 2 activity in the egg-yolk assay. For the synthetic substrates in mixed micelles of.diC12PC with tDOC and in micelles of diC8PC, these activities were 89% and 83%, respectively. Therefore, this mutant is a good enzyme to investigate the effects of the substitution of the active site histidine by TAA on the kinetic properties. Expression and purification of TAA-PLA 2 For incorporation of TAA into His-PLA 2 , the cells transformed with the expression plasmid carrying the gene for His-PLA 2 were first grown in a minimal medium containing histidine. This medium was removed by centrifugation and the cells were washed and then resuspended in one fifth volume of minimal medium without histidine or TAA. The smaller volume was chosen in order to reduce the required amount of TAA. From the initial experiments with WT-PLA 2 described above, it appeared that at this stage the cells still contained substantial amounts of histidine. Therefore, the cells were shaken at 37°C for 20 min, in the hope that this procedure would lower the level of histidine. Subsequently, TAA was added to the medium and expression of TAA-PLA 2 was induced by adding IPTG. After 4 h of induction, during which no cell growth occurred, the cells were harvested by centrifugation. Starting from 4 1 of the pooled induced cultures, 80 mg of TAA-PLA 2 fusion protein were obtained, corresponding to a yield of about 9 mg per gram of wet cells. Tryptic cleavage yielded about 45 mg of PLA 2 with an activity of 2X10 4 units, using diC8PG as a substrate at pH 8. After dialysis and centrifugation, the supernatant containing 1.3X10 4 units was loaded on to an SP-Sephadex column at pH 4. After washing the column with 10 mM sodium acetate buffer (pH 6), the protein was eluted batchwise with 0.4 M NaCl. The eluted protein (40 mg; 1.2X10 4 units) was dialysed and loaded on to another SP-Sephadex column at pH 4. After the column had been washed extensively with 5 mM sodium acetate buffer (pH 4.8), the protein was eluted as a single peak from the column with a salt gradient of 0-0.4 M NaCl. For unexplained reasons, only 8 mg (2400 units) were recovered and no additional activity eluted after raising the salt concentration in the column.
A sample of the eluted protein was analysed by FPLC. As shown in Figure 1A , one major peak eluted at 75 mM NaCl and a minor impurity at 120 mM. A mixture of TAA-PLA 2 with purified His-PLA 2 was prepared and applied to the FPLC column. The His-PLA 2 co-eluted with the small peak eluting at 120 mM NaCl (data not shown). From the elution pattern, we estimated that this TAA-PLA 2 preparation contained ~10% His-PLA 2 . Since it appeared that His-PLA 2 and TAA-PLA 2 could be separated very well under these conditions, we further purified TAA-PLA 2 by preparative FPLC. In this way, the impurity that elutes as a shoulder on the TAA-PLA 2 peak ( Figure 1A) was also removed and 1.3 mg of pure TAA-PLA 2 ( Figure IB) was obtained, with a specific activity at pH 8 of 65 U/mg on pure micelles of diC8PG. The protein gave a single band on SDS-PAGE of the same mobility as His-PLA 2 (data not shown).
Characterization of the TAA-PLA 2 mutant
To confirm that the isolated protein was indeed TAA-PLA 2 , amino acid analysis was performed. The results of the analyses of the mutants His-PLA 2 and TAA-PLA 2 are shown in Figure  2A PLA 2 hydrolysate, an additional peak elutes at 59 min, which corresponds to the position of authentic TAA ( Figure 2C ). In the elution profile of TAA-PLA 2 (Figure 2B) , the histidine peak eluting at 109 min has almost disappeared. The native and mutant enzymes were also subjected to isoelectric focusing. Determination of the isoelectric points of the proteins gave a p/ value of 6.3 for native PLA 2 . This value decreased to 5.8 for His-PLA 2 when the histidines 17 and 115 are mutated to asparagines. The introduction of the TAA at position 48 in His-PLA 2 results in a further change of the p/ from 5.8 to 5.6. These values agree well with the values of 6.31, 5.77 and 5.35 for PLA 2 containing three, one or no histidine residues, respectively, that can be calculated by assigning a high pK value of 6.5 to Glu71 (Donn6-Op den Kelder et ai, 1983) .
Influence of pH on the enzymatic activity
In order to study how incorporation of the TAA residue into the active site of PLA 2 affects the pH profile, activities were measured at different pH values. Since the affinity of the enzyme for the essential cofactor Ca 2+ is pH dependent (de Haas et al, 1971) , all activities in the pH range 3-8 were determined as a function of the Ca 2+ concentration. In this way curves such as those depicted in Figure 3 were obtained. From such curves the affinity for Ca 2+ (Ao 2+ ) and me maximal velocity (V^) were determined for each enzyme at the different pH values. The results of these measurements are summarized in Table I , from which it is clear that the affinity for Ca 2+ of the His-PLA 2 mutant is comparable to that for WT-PLA 2 . In contrast, the TAA-PLA 2 mutant shows a considerably higher affinity for Ca 2+ than the WT-PLA 2 and His-PLA 2 . Even at pH 3, the TAA-PLA 2 is sufficiently active to determine kinetic data. At this pH value the activity and Kc/ + of WT and His-PLA 2 are too low to allow measurements. This higher affinity for Ca 2+ is probably caused by the fact that the triazole ring has a lower pAT, value than the imidazole SJLW.Bdboer it al. .6 .6 .6 .5 .6 .1 "Activities were measured spectrophotometrically using diC7dithioPC as a substrate in the presence of an equimolar concentration of tDOC. For more details see Materials and methods. b No detectable hydrolytic activity. c No full saturation curve could be obtained. These values were obtained by extrapolating the determined activities by assuming that the KQ^+ value for WT-PLA 2 is six times higher than the values obtained for TAA-PLA 2 at pH 3.5. d At pH values above 6 the affinity for Ca 2+ is too high to obtain accurate data for K CA 2+ kinetically. ring. The repulsive effect of a protonated imidazole ring at position 48 is likely to contribute significantly to the reduced binding of the calcium ion at low pH.
In Figure 4 the influence of the pH on maximal velocities, extrapolated for infinite calcium concentrations, are shown for TAA-PLA 2 and His-PLA 2 . It is clear that the activities of His-PLA 2 steadily decrease below pH 6. In contrast, for the TAA-PLA 2 enzyme no decrease in activity can be seen at pH values below 6. Even at pH 3, where no activity could be detected at all for the His-PLA 2 (and for the WT-PLA 2 ), the TAA-PLA 2 mutant was still fully active. The decrease in activity observed for the His-PLA 2 must be caused by the protonation of the histidine residue at position 48. This protonation prevents the imidazole from accepting a proton from the water molecule which is the proposed nucleophile in catalysis (Verheij et al, 1980; Scott et al, 1990; Li et al, 1993) .
Inhibition studies
From Figure 4 and Table I , it is clear that the TAA-PLA 2 is less active than His-PLA 2 at pH 6. At this pH value a fivefold reduced activity is seen for the TAA-PLA 2 enzyme compared with His-PLA 2 . The reduced activity of TAA-PLA 2 can be 350 explained in two ways. Either the affinity of the TAA-PLA 2 for the substrate is lowered or the catalytic capacity of this mutant is reduced. To test both possibilities, competitive inhibition studies and chemical modification of His48 (or TAA48) were performed. (#)-2-acylamino phospholipid analogues are effective competitive inhibitors of porcine pancreatic phospholipase A 2 (de Haas et al, 1990) . The hydrogen of the amide bond of the inhibitor forms a strong hydrogen bond with the 61-nitrogen of His48 (Thunnissen et al, 1990) . The competitive inhibitor (^)-l-thio-oo-carboxyundecylmethyl ester-2-decanoylamino-1,2-dideoxyglycero-3phosphocholine was used in competitive inhibition studies using a spectrophotometric assay with diC7dithioPC as a substrate at pH 6. Comparable ICso values of 20.5 |iM (WT-PLAJ, 24.0 nM (His-PLA 2 ) and 16.0 uM (TAA-PLA 2 ) were found. These similar IC50 values suggest that in the TAA-PLA 2 the hydrogen of the amide bond of the inhibitor forms a strong hydrogen bond with the triazole ring, comparable to the interaction of this amide NH with the 8|-nitrogen of His48 in native PLA 2 . This interaction suggests that the triazole ring is oriented in the protein molecule just like the imidazole ring in native PLA 2 .
To test the second possibility, i.e. a reduced reactivity of the triazole ring relative to histidine, covalent modification was used. PLA 2 s are rapidly and specifically inhibited by haloketones (Volwerk et al, 1974) . To increase the solubility of the reagent, n-hexadecylphosphocholine micelles were added and the reaction was carried out at 45°C. These micelles have a slight protective effect in the inhibiton reaction (Volwerk et al, 1974) , but the solubility of the reagent also increases. As a net effect, the rate of inactivation under these conditions is 10 times higher than in the absence of micelles at 25°C. Thus, whereas the half-time of inactivation for WT-PLA 2 at pH 7 and 25°C in the absence of micelles is 1 h, a half-time of inactivation of 5 min was obtained at 45°C in the presence of micelles. This rapid reaction allowed inhibition studies at low pH values. Inactivation studies of the PLA 2 enzymes with /j-nitrophenacyl bromide showed that the chemical reactivity of these three PLA 2 s differed over the whole pH range in a similar way as the V max values (data not shown). At pH 7, the pseudo-first-order rate constants for inactivation of WT-PLA 2 , His-PLA 2 and TAA-PLA 2 are 2.3X 10" 3 , 1.8X 10" 3 and O.2X1O" 3 s" 1 , respectively. These reactivities closely resemble the relative activities of these enzymes (Table I) . From the results of the inactivation and competitive inhibition studies, we conclude that the lower enzymatic activities of TAA-PLA 2 must probably be ascribed to reduced k,^ values rather than to a lowered substrate affinity.
Discussion
Although unnatural amino acids can be incorporated biosynthetically, several problems can be encountered. Methionine analogues such as nor-leucine, ethionine and telluromethionine have been shown to be toxic to cells because they can interfere with several metabolic processes (Budisa et al., 1995, and references cited therein) . Here we showed that 1,2,4-triazole-3-alanine, which is isosteric to histidine, added to histidinefree minimal medium blocks the growth of E.coli strains that are auxotrophic for histidine. Despite the fact that TAA does not support cell growth, it does allow high rates of protein synthesis in a tac expression system. In rich medium about 13 mg of fusion protein was obtained per gram of cells and in TAA-containing minimal medium this value is 9 mg per gram of cells. Although this value is high, it should be remembered that in rich medium a five times higher cell mass per litre is obtained than in minimal medium where cells grow poorly, or not at all after addition of TAA. These expression levels are comparable to those obtained by Budisa et al. (1995) for bio-incorporation of selenomethionine, but about 10 times higher than the incorporation of the more toxic nor-leucine or ethionine that they reported.
The substitution levels that can be achieved by bio-incorporation differ widely. Although the substitution of methionine by selenomethionine in annexin V was complete, lower values were reported for nor-leucine, ethionine and telluromethionine (Budisa et al., 1995) . Incorporation levels of 40% and >90% were reported for the incorporation of [6-19 F]tryptophanlabeled E.coli dihydrofolate reductase (Hoeltzli and Frieden, 1995) , whereas a level of ~81 % was reported for the substitution of tyrosine by m-fluorotyrosine in pVgalactosidase (Ring et al., 1985) . Although the substitution level of histidine by TAA is not exceptionally high, it is unique in two respects. First, the substitution was done in a mutant PLA 2 that contains only a single, essential histidine, and second, the proteins can be separated. As the pK t s of the imidazole and triazole rings differ by about 4 units, the His-PLA 2 and TAA-PLA 2 have different chromatographic properties at pH values where the imidazole ring is protonated and the triazole ring is unprotonated. In contrast, both proteins could not be separated by FPLC at pH 8. Owing to the charge differences at pH 5 and because of the presence of only two species (TAA-PLA 2 and His-PLA 2 ), a complete separation was possible. Such a separation would certainly have been more complicated for WT-PLA 2 containing three histidines.
The sequences of 10 pancreatic phospholipases A 2 are known. Of the histidines, only His48, the active centre residue is conserved. Hence it was not surprising to find that substitution of Hisl7 and Hisll5, which are far apart from the active site, by asparagine in porcine pancreatic PLA 2 yielded an enzyme with activities >80% of the activities of WT-PLA 2 at pH 8. At pH 6, the optimum for WT-PLA 2 acting on shortchain substrates (de Haas et al, 1971) , where both histidine residues are (partly) charged, the difference in activity is about a factor of two. Although the reason for this difference is not understood, it is clear that the single histidine enzyme His-TAA-48 Asp-99 Fig. 5 . Hypothetical mechanism for the mode of action of TAA-PLA2-In the model the hydrogen bond between the N-l proton of TAA and the carboxyl of Asp99 is preserved. The N-4 nitrogen of the TAA is capable of activating the active site water molecule, which serves as the attacking nucleophile in the subsequent catalysis. This figure is a slight modification of the original model proposed for the mechanism of the native (His48) PLA 2 (Verheij et at., 1980) . PLA 2 is ideally suited to study the effect of substitution of the active site histidine by TAA.
Despite the fact that the triazole and histidine rings are isosteric, small changes are expected to be induced in the active site owing to differences in polarity, basicity and chemical reactivity in both rings. Despite these differences, the substrate binding remains unchanged, suggesting that the TAA-PLA 2 may function as depicted in Figure 5 . Although the arrangement of the enzyme substrate complex is similar, chemical modification with haloketones suggests that the chemical reactivity of the triazole ring of TAA 48 is nine times lower than the reactivity of the imidazole of His48, explaining the reduced activity. The effect of the incorporation of TAA into the active site on the activity of enzymes has not been published before. However, the five times lower enzymatic activity at pH 6 that we observed is surprisingly close to the values reported for ribonuclease A where histidines 12 and 119 have been replaced by the isosteric, but less basic 4fluorohistidine. In this enzyme His 12 accepts a proton in the hydrolysis of dinucleotides, whereas Hisll9 accepts a proton from the water molecule that attacks cyclic nucleoside monophosphate. In these reactions, reductions in the catalytic rates of six-and four-fold, respectively, were reported (Jackson et al., 1994) .
The introduction of TAA into the active site of PLA 2 caused a significant change in the pH-rate profile, owing to differences in protonation states. The pK t of 3-methyl-l,2,4-triazole is 3.3 and that of 4-methylimidazole is 7.5 (Albert, 1968) . It is generally accepted that the micro-environment of the active site influences the pK a of amino acid side chains. The ring pK a s of TAA-PLA 2 and His-PLA 2 will be influenced in particular because of the close proximity of the Ca 2+ liganded to Asp49. The imidazole ring of His48 has a pK t well below 6 (Volwerk et al., 1974) . Even if we assume that the microenvironment influences TAA48 to a lesser extent than His48, the pK a of this residue should be well below 3. Such a low value is consistent with the observed pH-rate profile of TAA-PLA 2 , which is constant between pH 3 and 6. This constant activity also suggests that the side chain of Asp99 of the catalytic diad Asp99-TAA48 remains unprotonated in this pH range. It might be of interest to study the effect of incorporation of TAA into the active site of serine hydrolases.
Recently, a solution structure has been determined for WT-PLA 2 m b°th *h e presence and absence of micelles (van den Berg et al., 1995) . For technical reasons, this NMR study was carried out at pH 4.3 where this enzyme has a very low activity. It can be argued that this reduced activity is caused by the protonation of the side chains of several amino acids in the pH range from neutral to 4.3. The fact that we observed constant activities for TAA between pH 3 and 6 shows that protonation of such surface residues has no detrimental effect on activity and probably only affects surface loops. Similar findings (Jackson et al, 1994) after introduction of 4-fluorohistidine into RNase A suggest that this pHindifferent behaviour might be a more general property of small globular proteins.
